To gain insight into the role of 11␤-hydroxysteroid dehydrogenase (11␤-HSD) enzymes and actions of glucocorticoids in the murine placenta and uterus, the expression pattern of the mRNA for 11␤-HSD1 and 11␤-HSD2 and the glucocorticoid receptor (GR) protein were determined from Embryonic Day 12.5 (E12.5, term ‫؍‬ E19) to E18.5 by in situ hybridization and immunohistochemistry, respectively. Consistent with its putative role in regulating the transplacental passage of maternal glucocorticoid to the fetus, 11␤-HSD2 mRNA was highly expressed in the labyrinthine zone (the major site of maternal/fetal exchange) at E12.5, and its level decreased dramatically at E16.5, when it became barely detectable. Remarkably, the silencing of 11␤-HSD2 gene expression coincided with the onset of 11␤-HSD1 gene expression in the labyrinth at E16.5 when moderate levels of 11␤-HSD1 mRNA were detected and maintained to E18.5. By contrast, neither 11␤-HSD1 mRNA nor 11␤-HSD2 mRNA were detected in any cell types within the basal zone from E12.5 to E18.5. Moreover, the expression of 11␤-HSD1 and 11␤-HSD2 in the decidua exhibited a high degree of cell specificity in that the mRNA for both 11␤-HSD1 and 11␤-HSD2 was detected in the decidua-stroma but not in the compact decidua. A distinct pattern was also observed within the endometrium where the mRNA for 11␤-HSD1 was expressed in the epithelium, whereas that for 11␤-HSD2 was confined strictly to the stroma. By comparison, the expression of GR in the placenta and uterus was ubiquitous and unremarkable throughout late pregnancy. In conclusion, the present study demonstrates for the first time remarkable spatial and temporal patterns of expression of 11␤-HSD1 and 11␤-HSD2 and GR in the murine placenta and uterus and highlights the intricate control of not only transplacental passage of maternal glucocorticoid to the fetus but also local glucocorticoid action during late pregnancy.
INTRODUCTION
In target tissues, the actions of glucocorticoids are critically regulated by the intracellular enzyme 11␤-hydroxy- steroid dehydrogenase (11␤-HSD), which catalyzes the interconversion of active glucocorticoids (cortisol and corticosterone) and their inactive metabolites (cortisone and 11-dehydrocorticosterone) [1, 2] . To date, two distinct isozymes of 11␤-HSD have been identified and characterized. Although it possesses bidirectional activities, 11␤-HSD1 is thought to function predominantly as a reductase in vivo, thereby increasing local active glucocorticoid levels in target tissues [3, 4] . The expression of 11␤-HSD1 is widespread, with liver being the major site [5, 6] . By contrast, 11␤-HSD2 catalyzes the unidirectional inactivation of glucocorticoids, and its expression is restricted to mineralocorticoid target tissues and the placenta [7] .
In the placenta, 11␤-HSD activity is thought to regulate the transplacental passage of maternal glucocorticoid to the fetus [8] , a strategic role given both excessive [9] [10] [11] and inadequate glucocorticoid exposure in utero are detrimental to fetal development. It has also been proposed that placental 11␤-HSD may be an important determinant of local glucocorticoid action within the placenta by regulating the access of glucocorticoids to their intracellular receptors [12] . Both 11␤-HSD1 and 11␤-HSD2 are expressed in the rat placenta in a zonal-specific and developmentally programmed manner during late pregnancy [13, 14] . In the mouse placenta, the expression of 11␤-HSD2 mRNA has been examined and was found to be exclusively in the labyrinthine zone [15] , the major site of maternal-fetal exchange, which is consistent with its putative role in fetal development. However, the relative expression of 11␤-HSD1 mRNA has never been determined. Furthermore, it is unknown if the glucocorticoid receptor (GR) is coexpressed with 11␤-HSD1 and/or 11␤-HSD2 in the mouse placenta, a potentially important question in view of its proposed role in regulating local glucocorticoid action.
Given the putative role of placental 11␤-HSD in the control of not only transplacental passage of maternal glucocorticoid to the fetus but also local glucocorticoid action [12] , coupled with the tremendous utility of the mouse model in unraveling the precise role of 11␤-HSD1 and 11␤-HSD2 in normal physiology [16, 17] and disease processes [18] , information about the relative localization of these enzymes in the mouse placenta is essential for our complete understanding of the distinct roles they may play during fetal development. Therefore, the objectives of the current study were to determine and contrast the cellular localization of 11␤-HSD1 and 11␤-HSD2 mRNA by in situ hybridization in the mouse placenta and uterus from Embryonic Day 12.5 (E12.5) to E18.5. In parallel, we also utilized immunohistochemistry to examine the distribution of GR protein over the same gestational period in order to gain insight into the intricate relationship between 11␤-HSD enzymes and GR in the control of glucocorticoid action within the murine placenta and uterus.
MATERIALS AND METHODS

Animals and Materials
Pregnant BALB/c mice from Day 5 of gestation were housed under standard conditions and provided with food and water ad libitum. Animals were killed by cervical dislocation as approved by the Animal Care Committee of the University of Western Ontario. Placentae were collected at E12.5, E14.5, E16.5, and E18.5. A total of 4-5 mice per gestational age and 4-6 placentae per mouse were studied/analyzed. Unless stated otherwise, restriction enzymes and other molecular biological reagents were obtained from Gibco BRL (Burlington, ON, Canada) or Pharmacia Canada, Inc. (Baie d'Urfe, PQ, Canada). All solvents used were OmniSolve grade from BDH, Inc. (Toronto, ON, Canada). All other chemicals were purchased from Sigma-Aldrich Canada Limited (Oakville, ON, Canada). Slides and other histology supplies were from Fisher Scientific, Ltd. (Unionville, ON, Canada). Oligonucleotides were synthesized using a Pharmacia Gene Assembler and purified using NAP-50 columns (Pharmacia) according to the manufacturer's instructions.
Immunohistochemistry
Placentae were fixed by immersion with 4% (w/v) paraformaldehyde in 70 mM phosphate buffer, pH 7.0, at 4ЊC for 24 h. They were then embedded in paraffin, and 5 m sections were prepared by standard methods and mounted onto superfrost slides. After deparaffinization and rehydration, tissues sections were incubated sequentially in 1% (v/v) hydrogen peroxide for 10 min to quench endogenous peroxidase activity and then in 10% (v/v) normal swine serum for 30 min. Tissue sections were incubated in rabbit anti-GR antiserum (1:300; Santa Cruz Biotech, Inc., Santa Cruz, CA) at 4ЊC overnight. Sections were immunostained using an avidin-biotin-peroxidase method (LSAB plus-kit; DAKO Corporation, Carpinteria, CA), with 3,3-diaminobenzidine as the chromogen. Slides were counterstained with methyl green (DAKO) and mounted with Permount.
Generation of Mouse 11␤-HSD1 and 11␤-HSD2 cDNAs
The mouse 11␤-HSD1 and 11␤-HSD2 cDNAs were generated by a standard RT-PCR protocol using adult mouse kidney total RNA as the template. The two primers used for generating 11␤-HSD1 cDNA were two oligonucleotides corresponding to nucleotides 40 to 57 (5Ј-GG GGATCCTGTTTGATGGCAGTTATG) and 948 to 956 (5Ј-GG TCTA-GAAGGGGCTCAGGAGTTCCTA) of the published mouse 11␤-HSD1 cDNA [19] and containing BamHI and XbaI (underlined), respectively. The two primers used for generating 11␤-HSD2 cDNA were two oligonucleotides corresponding to nucleotides 597 to 616 (5Ј-GG GGATCC GGAAGTGCATGGAGGTGAAC) and 1139 to 1162 (5Ј-GG TCTAGA-TCGGGGCAGAAGGTGATTGATAAA) of the published mouse 11␤-HSD2 cDNA [20] and containing BamHI and XbaI (underlined), respectively. The RT-PCR products were cloned into pBluescript KS. For both 11␤-HSD1 and 11␤-HSD2 cDNA clones, double-stranded DNA was prepared and sequenced by a standard automated sequencing protocol at the John P. Robarts Research Institute DNA Sequencing Facility (London, ON, Canada).
In Situ Hybridization
Sense and antisense mouse 11␤-HSD1 and 11␤-HSD2 riboprobes were labeled with [ 35 S]UTP (Du Pont Canada, Inc.; Markham, ON, Canada) by in vitro transcription from the 900-base pair (bp) and 580-bp mouse 11␤-HSD1 and 11␤-HSD2 cDNA, respectively, in pBluescript KSϩ (described above) using commercially available reagents (Promega Riboprobe Gemini II system; Promega, Madison, WI). Although 11␤-HSD1 riboprobes of 150-200 bp were obtained by limited alkaline hydrolysis in 0.2 M bicarbonate buffer, pH 10.2 at 60ЊC for 51 min, 11␤-HSD2 riboprobes were not subjected to alkaline lysis because of their short length.
In situ hybridization was performed as previously described [21] . Briefly, tissue sections were treated sequentially in PBS containing 0.2% (v/v) Triton-X100 at room temperature for 1 h; 0.2 units proteinase-K/ml in 100 mM Tris-HCl (pH 8.0), and 50 mM EDTA at 37ЊC for 30 min; and 0.1 M triethanolamine containing 25 mM acetic anhydride at room temperature for 10 min. They were then dehydrated through ascending ethanols (70%-100%) and air dried. Sections were prehybridized in a hybridization buffer containing 50% (v/v) formamide, 0.3M NaCl, 20 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1ϫ Denhardt solution, 500 g/ml yeast transfer RNA, 100 g/ml salmon sperm DNA (Loftstrand Labs, Gaithersburg, MD), 0.1% (w/v) SDS, and 100 mM DTT in a humidified chamber at 45ЊC for 2 h. Sections were then hybridized with the same hybridization buffer, except this also included 10% (w/v) dextran sulphate at 55ЊC overnight. The solution containing the riboprobes was removed and sections were incubated for an additional 10 min in prehybridization buffer at 55ЊC, followed by incubation in 40 g RNase-A/ml 10 mM Tris-HCl, pH 8.0, 0.5 M NaCl, and 1 mM EDTA at 37ЊC for 30 min. Slides were then taken through the following series of washes: three washes at 10 min each in 2ϫ SSC (1ϫ ϭ 0.15 m NaCl and 0.015 M sodium citrate) at room temperature, four 15 minute washes in 2ϫ SSC at 55ЊC, and two washes in 0.1ϫ SSC at 55ЊC for 10 min each. Sections were then dehydrated in ascending ethanols (70%-100%), air dried, and exposed to XAR5 film (Eastman Kodak, Rochester, NY) overnight to determine the intensity of the signal. They were coated with NTB3 photoemulsion (Kodak) and exposed at 4ЊC in light-tight boxes for 1-2 weeks. Slides were developed in D19 developer (Kodak), fixed in Kodafix (Kodak), stained with Harris hematoxylin and eosin, dehydrated, and mounted with Permount.
RESULTS
Chorioallantoic Placenta
The chorioallantoic placenta consists of two distinct zones: the labyrinthine zone, the major site of maternalfetal exchange, and the basal zone, the primary site of placental steroid and peptide hormone synthesis. The mRNA for 11␤-HSD1 was absent from the labyrinthine zone until E16.5 when moderate levels were detected and maintained to E18.5 (Table 1 ; Fig. 1 ). By contrast, the mRNA for 11␤-HSD2 was abundantly expressed in the labyrinthine zone at E12.5, at particularly high levels in the trophoblast cells surrounding the maternal blood vessels ( Table 2 ; Fig. 1 ). The level of 11␤-HSD2 mRNA in the labyrinth decreased dramatically at E16.5, when the mRNA became barely detectable, and was completely absent at E18.5 ( Table 2 ; Fig.  1 ). Strong and relatively unchanged immunoreactive GR was observed in the labyrinthine zone from E12.5 to E18.5 (Table 3 ; Fig. 1 ).
Remarkably, both 11␤-HSD1 mRNA and 11␤-HSD2 mRNA were undetectable in any of the cell types within the basal zone of the chorioallantoic placenta, including the spongiotrophoblast, giant, and glycogen cells at all the gestational ages studied (Tables 1 and 2 ; Fig. 1 ). However, GR protein was expressed at increasing levels in the spongiotrophoblast and giant cells, but not in the glycogen cells, from E12.5 to E18.5 (Table 3 ; Fig. 1 ).
Yolk Sac Placenta
The yolk sac placenta is composed of parietal yolk sac and visceral yolk sac, the second site for maternal-fetal exchange. The mRNA for 11␤-HSD1 remained undetectable in all the cell types of the yolk sac placenta throughout late gestation (Table 1) . However, relatively low but detectable levels of 11␤-HSD2 mRNA were expressed only in the yolk sac stroma, but not in the yolk epithelium and parietal yolk sac endoderm from E12.5 to E14.5 (Table 2) . From E16.5 to E18.5, 11␤-HSD2 mRNA ceased to be expressed in the yolk sac stroma and remained absent from all the cell types within the yolk sac placenta (Table 2 ). By contrast, strong and relatively constant immunoreactive GR was detected in all the cell types but the fetal mesenchyme of the yolk sac placenta from E12.5 to E18.5 (Table 3) .
Maternal Tissues
The decidua, endometrium, and myometrium are the three principle intrauterine maternal tissues. The mRNA for 
a Ϫ Or ϩ signs indicate differences in signal intensities observed by optical microscopy and reflect levels of 11␤-HSD1 expression. The number of ϩ signs does not represent a strict linear measure of mRNA levels. Ϫ, Absent; ϩϩ, moderate expression; ϩϩϩ, high expression.
11␤-HSD1 was highly expressed in the decidua-stroma both above and below the compact decidua from E12.5 to E18.5 (Table 1 ; Fig. 2 ). Although high levels of 11␤-HSD2 mRNA were also detected in the decidua-stroma throughout late gestation, they were confined to the region below but not that above the compact decidua (Table 2 ; Fig. 2 ). The mRNA for both 11␤-HSD1 and 11␤-HSD2 was undetectable in the compact decidua at all the gestational ages studied. Similar to 11␤-HSD1, intense immunoreactive GR was localized to the decidua-stroma both above and below the compact decidua where it was absent from E12.5 to E18.5 (Table 3 ; Fig. 2 ). Within the endometrium, the expression of mRNA for 11␤-HSD1 and 11␤-HSD2 was highly cell-specific in that particularly high levels of 11␤-HSD1 mRNA were expressed only in the epithelium (Table 1; Figs. 3 and 4), whereas those of 11␤-HSD2 mRNA were strictly confined to the stroma (Table 2 ; Figs. 3 and 4) . This pattern of expression for both 11␤-HSD1 mRNA and 11␤-HSD2 mRNA was maintained throughout late gestation (Tables 1 and 2 ). The expression of GR protein followed the same pattern to that of 11␤-HSD1 mRNA; intense immunoreactive GR was detected in the endometrial epithelium but not in the endometrial stroma (Table 3 ; Fig. 3) .
The mRNA for 11␤-HSD1 was absent from the myometrium at all the gestational ages studied (Table 1; Fig.  3 ). By contrast, 11␤-HSD2 mRNA was expressed in the myometrium with apparently higher levels in the inner region from E12.5 to E18.5 (Table 2; Fig. 3 ). Intense immunoreactive GR was also detected in the myometrium throughout late gestation (Table 3 ; Fig. 3 ). Levels of both 11␤-HSD2 mRNA and GR protein remained relatively unchanged in the myometrium from E12.5 to E18.5 (Tables  2 and 3) .
Sense 11␤-HSD1 and 11␤-HSD2 in situ hybridizations showed very low nonspecific background only (Fig. 5) .
DISCUSSION
The present study demonstrates, for the first time, the spatial and temporal localization patterns of GR protein in relation to mRNA for 11␤-HSD1 and 11␤-HSD2 in the mouse placenta and uterus, highlighting the potential importance of these enzymes as regulators of local glucocorticoid action. In particular, whereas the expression of GR protein was widespread and remained relatively constant in various zones of the mouse placenta and maternal tissues during late pregnancy, expression of the mRNA for 11␤-HSD1 and 11␤-HSD2 exhibited remarkable developmental stage-and region/cell-specific, as well as isozyme-specific, changes. These remarkable changes may be indicative of the distinct regulatory roles of these enzymes in the murine placenta and uterus.
Exposure of the developing fetus to excess glucocorticoids results in intrauterine growth restriction (IUGR) [9] [10] [11] and may potentially lead to the development of diseases in adult life [22] . Conversely, during fetal life both the complete lack of glucocorticoid actions [23] and glucocorticoid deficiency [24] result in severe abnormalities of vital organ systems in the mouse. Hence the precise regulation of fetal glucocorticoid exposure is critical to normal fetal organ growth and maturation, and as such, the placental 11␤-HSD2 may play a strategic role in fetal development by regulating the transplacental passage of maternal glucocorticoid to the fetus [8] . Indeed, placental 11␤-HSD2 expression and activity are attenuated in human pregnancies complicated with IUGR [25, 26] . Moreover, IUGR is a characteristic feature of the syndrome of apparent mineralocorticoid excess in which point mutations of the 11␤-HSD2 gene render the enzyme inactive [27] . However, 11␤-HSD2 deficient mice exhibited inconclusive phenotype with respect to fetal development in that 11␤-HSD2 null pups had apparently normal birth weight, but 50% died of undetermined causes within the first 48 h after birth [17] .
In the mouse placenta, the labyrinthine zone is the major site of maternal/fetal exchange [28] , and as such, it represents one crucial area of our study. Consistent with its putative role in regulating the transplacental passage of maternal glucocorticoid to the fetus [8] , the mRNA for 11␤-HSD2 was highly expressed, whereas that for 11␤-HSD1 was absent, between E12.5 and E14.5. Given that 11␤-HSD2 inactivates but 11␤-HSD1 reactivates glucocorticoids, the selective expression of 11␤-HSD2 in the labyrinthine layer likely serves to ensure that a maximal amount of maternal glucocorticoid is inactivated at the maternal/ fetal interface during this sensitive period of fetal development. Moreover, within the labyrinthine zone, 11␤-HSD2 mRNA expression was the highest in trophoblast cells associated with the maternal blood vessels; thus 11␤-HSD2 is ideally located for its proposed role in regulating the transplacental passage of maternal glucocorticoid to the fe-FIG. 1. Localization of 11␤-HSD1 and 11␤-HSD2 mRNA and GR immunoreactivity in the mouse placenta at E12.5 and E16.5. A-D) Dark field photomicrographs of in situ hybridization of mouse placenta to show localization of mRNA (white dots) for 11␤-HSD1 and 11␤-HSD2. E and F) Bright field photomicrographs of immunohistochemistry to show localization of GR protein (brown staining). A) At E12.5, 11␤-HSD1 mRNA is absent from both the labyrinthine trophoblast and spongiotrophoblast. B) At E16.5, 11␤-HSD1 mRNA is expressed only in the labyrinthine trophoblast. C) At E12.5, 11␤-HSD2 mRNA is highly expressed only in the labyrinthine trophoblast. D) At E16.5, 11␤-HSD2 mRNA is barely detectable in the labyrinthine layer except for isolated cells of unknown identity. E and F) GR immunoreactivity is localized in both the labyrinthine trophoblast and spongiotrophoblast at both E12.5 and E16.5, indicating that unlike 11␤-HSD1 and 11␤-HSD2 mRNA, GR immunoreactivity is unchanged with gestation. LAB, Labyrinthine layer; ST, spongiotrophoblast layer; MV, maternal blood vessels. Arrows ϭ positive signals for in situ hybridization and immunohistochemistry. Original magnification ϫ20. 
a Ϫ Or ϩ signs indicate differences in signal intensities observed by optical microscopy and reflect levels of 11␤-HSD2 expression. The number of ϩ signs does not represent a strict linear measure of mRNA levels. Ϫ, Absent; ϩ/Ϫ, barely detectable; ϩ, weak expression; ϩϩ, moderate expression; ϩϩϩ, high expression. tus. This view is also corroborated by the findings that the second site of maternal/fetal exchange in the murine placenta, the yolk sac stroma, also expressed 11␤-HSD2 mRNA from E12.5 to E14.5. However, 11␤-HSD2 expression in both the labyrinth trophoblast and yolk sac stroma was silenced from E16.5, an intriguing observation in view of its putative role in fetal development. Although the silencing of 11␤-HSD2 mRNA in the murine placenta has been documented before [15] , the present study provides further insights into the role of 11␤-HSD2 in the labyrinth and yolk sac by determining the precise cellular localization of 11␤-HSD2 mRNA in these two important sites of maternal-fetal exchange. Moreover, we have demonstrated for the first time that the 11␤-HSD1 mRNA was expressed at high levels in the labyrinth trophoblast from E16.5 to E18.5, a critical stage during murine development when the final maturation of vital fetal organs, such as the lungs, occurs [29] . It is noteworthy that the onset of 11␤-HSD1 expression in the placenta coincides well with not only the silencing of 11␤-HSD2 gene expression but also the known time course of the corticosterone surge during late gestation, which peaks at E16.5 [30] . Therefore, the remarkable co-occurrence of these events suggests that the coordinated switching from 11␤-HSD2 to 11␤-HSD1 expression in the murine placenta at E16.5 may play a permissive role in allowing for increased fetal exposure to maternal glucocorticoid, which is essential for the final critical glucocorticoid-dependent maturation of fetal organs systems [31] . Obviously, this contention requires substantiation from future studies.
Although GR binding sites in murine placental tissue homogenates were described a few decades ago [32] , this is the first study demonstrating the temporal and spatial localization of GR in the murine placenta. High levels of GR protein were detected in both the labyrinth layer and yolk sac placenta, indicating that these two important sites of the murine maternal-fetal exchange are glucocorticoid target sites. Therefore, the coexpression of 11␤-HSD1 mRNA and 11␤-HSD2 mRNA with GR protein in the labyrinthine trophoblast (at distinct times during late gestation) and of 11␤-HSD2 mRNA with GR in the yolk sac stroma suggest that 11␤-HSD activity may function in an autocrine fashion to regulate local glucocorticoid-mediated placental growth and function, such as synthesis of glucose transporters [33] , growth factors, and their binding proteins [34] .
In marked contrast to the labyrinthine zone, the basal zone of the murine placenta did not express either 11␤-HSD1 mRNA or 11␤-HSD2 mRNA during late gestation.
FIG. 2. Localization of 11␤-HSD1
and 11␤-HSD2 mRNA and GR immunoreactivity in the mouse decidua at E12.5 and E16.5. A-D) are dark field photomicrographs of in situ hybridization to show localization of mRNA (white dots) for 11␤-HSD1 and 11␤-HSD2, and E and F are bright field photomicrographs of immunohistochemistry to show localization of GR protein (brown staining). A) At E12.5, 11␤-HSD1 mRNA is expressed moderately in the decidua-stroma both above and below the compact deciduas where it is absent. B) At E16.5, the pattern of 11␤-HSD1 mRNA expression in the decidua remains the same but at an increased level when compared with E12.5. C) At E12.5, 11␤-HSD2 mRNA is localized to a population of decidual cells below the compact decidua but not above. D) At E16.5, the pattern of 11␤-HSD2 mRNA in the decidua remains the same but in a greater number of cells when compared with E12.5. E and F) At E12.5 and E16.5, GR immunoreactivity is localized in the decidua-stroma both above and below the compact decidua, but is absent from the compact decidua. DS, Decidua-stroma; CD, compact decidua; MYO, myometrium; MV, maternal blood vessels. Arrows ϭ positive signals for in situ hybridization and immunohistochemistry. Original magnification ϫ20.
FIG. 3.
Localization of 11␤-HSD1 and 11␤-HSD2 mRNA and GR immunoreactivity in the mouse uterus at E12.5 and E16.5. A-D) Dark field photomicrographs of in situ hybridization to show localization of mRNA (white dots) for 11␤-HSD1 and 11␤-HSD2, and E and F are bright field photomicrographs of immunohistochemistry to show localization of GR protein (brown staining). A) At E12.5, 11␤-HSD1 mRNA is highly expressed in the endometrial epithelium but not in the endometrial stroma. B) At E16.5, the pattern of 11␤-HSD1 mRNA in the endometrium remains the same with no detectable mRNA in the myometrium. C) At E12.5, 11␤-HSD2 mRNA is expressed at high abundance in the endometrial stroma but not in the endometrial epithelium. D) At E16.5, the pattern of 11␤-HSD2 mRNA in the endometrium remains the same with high levels of the mRNA also in the myometrium. E and F) At E12.5 and E16.5, GR immunoreactivity is localized in both endometrium (primarily in the epithelium) and myometrium. EE, Endometrial epithelium; ES, endometrial stroma; MYO, myometrium; DS, decidua-stroma; CD, compact decidua. Arrows indicate positive signals for in situ hybridization and immunohistochemistry. Original magnification ϫ20.
FIG. 4.
Bright field photomicrographs of in situ hybridization to show cell-specific localization of mRNA (black dots) for 11␤-HSD1 (A and C) and 11␤-HSD2 (B and D-F) in the mouse placenta and uterus. A) 11␤-HSD1 mRNA is absent in the yolk sac. B) 11␤-HSD2 mRNA is detectable in the yolk sac stroma but not in the yolk sac epithelium. C) 11␤-HSD1 mRNA is highly expressed in the endometrial epithelium but not in the endometrial stroma. D) 11␤-HSD2 mRNA is highly expressed in the endometrial stroma but not in the endometrial epithelium. E) 11␤-HSD2 mRNA is highly expressed in the labyrinthine trophoblast. F) 11␤-HSD2 mRNA is specifically expressed in the decidua-metrial gland epithelium. YSS, Yolk sac stroma; YSE, yolk sac epithelium; EE, endometrial epithelium; ES, endometrial stroma; DS, decidua-stroma; DMG, decidua-metrial gland. Arrows ϭ positive signals for in situ hybridization. Panels A-E are from E12.5 and F is from E16.5. Original magnification ϫ100. Figure 3A to show specific 11␤-HSD1 antisense hybridization signals (white dots), and B is the corresponding sense control. C) The same photomicrograph as shown in Figure 3C to show specific 11␤-HSD2 antisense hybridization signals (white dots), and D is the corresponding sense control. EE, Endometrial epithelium; ES, endometrial stroma; DS, decidua-stroma; CD, compact decidua. Arrows ϭ positive signals for in situ hybridization. Original magnification ϫ20.
However, GR was abundantly expressed in the spongiotrophoblast and giant cells, but not in the glycogen cells. Given that glucocorticoids are known to regulate placental synthesis of both steroid and peptide hormones, the conspicuous absence of the two glucocorticoid metabolizing enzymes from the basal zone suggests that, contrary to other glucocorticoid target tissues, the access of glucocorticoids to GR in these endocrine cells of the murine placenta may not be subject to local regulation. Moreover, the apparent lack of GR in the glycogen cells also suggests that glucocorticoid regulation of glycogen deposition in the murine placenta may be mediated by a paracrine mechanism. Although it is similar in the labyrinthine layer, the pattern of relative expression of 11␤-HSD1 mRNA and 11␤-HSD2 mRNA is distinct in the basal zone between the mouse and rat [14, 15] . In the rat basal zone, the mRNA for both 11␤-HSD1 and 11␤-HSD2 was present with levels of the former decreasing while those of the latter increased with advancing gestational age from Day 16 to term [14] . By marked contrast, neither 11␤-HSD1 mRNA nor 11␤-HSD2 mRNA were detectable in the basal zone of the mouse placenta, as shown in the present study, suggesting that the glucocorticoid-mediated regulatory mechanisms in the basal zone have been diverged between the two closely related rodent species.
In the murine decidua and endometrium, a remarkable degree of cell-specificity in expression of the mRNA for 11␤-HSD1 and 11␤-HSD2 was observed. For example, the mRNA for both 11␤-HSD1 and 11␤-HSD2 was expressed in the decidua-stroma but not in the compact decidua. Within the endometrium, 11␤-HSD1 mRNA was expressed only in the epithelium, whereas 11␤-HSD2 mRNA was strictly confined to the stroma. Although GR was colocalized with both 11␤-HSD1 and 11␤-HSD2 in the decidua-stroma, GR was coexpressed only with 11␤-HSD1 in the endometrial epithelium. These distinct patterns of GR and 11␤-HSD coexpression suggest that local glucocorticoid action is regulated by both 11␤-HSD enzymes in the decidua, but is regulated only by 11␤-HSD1 in the endometrium. Given that glucocorticoids can affect a number of highly dynamic functions in the rodent uterus, generally in an inhibitory fashion including eosinophil infiltration [35] and stromal cell prostaglandin synthesis [36] , the colocalization of GR and 11␤-HSD enzymes in the decidua and endometrium may have important implications for local glucocorticoid signaling. To our knowledge, the present study provides the first demonstration of GR cellular localization within the rodent uterus, although its presence has been predicted from previous studies of GR antagonists on uterine function in mice [37] . Furthermore, very high GR expression was observed in the myometrium at all gestational ages studied, consistent with a role for glucocorticoids in the rodent uterus. However, 11␤-HSD1 was never coexpressed with GR in this region of the uterus. In contrast, 11␤-HSD2 mRNA was present, particularly in the inner region of the myometrium where its levels increased with gestational age, suggesting a role for 11␤-HSD2 in regulating local glucocorticoid actions.
The contrasting developmental stage-and region-specific changes in 11␤-HSD1 and 11␤-HSD2 mRNA expression suggest distinct regulatory signals operating in the different zones of the mouse placenta. One potential regulator of placental 11␤-HSD is estrogen. In the baboon, experimental elevation of placental estrogen synthesis at midgestation has been shown to alter cortisol/cortisone metabolism in vivo [38] and 11␤-HSD activity in cultured baboon syncytiotrophoblasts [39] , indicating that estrogen is the primary regulator of placental 11␤-HSD in the baboon. Whether estrogen has a similar regulatory role in the mouse placenta is unknown, although estrogen levels are known to increase progressively toward term in the rodent [40] . In addition, it has been demonstrated previously that progesterone decreases placental 11␤-HSD2 mRNA and activity in both the human [41] and baboon [42] . Thus it is conceivable that estrogen and progesterone may act in an autocrine/paracrine fashion to regulate the zonal-specific expression of 11␤-HSD1 and 11␤-HSD2 in the mouse placenta.
In conclusion, the present study highlights the developmentally programmed synchronization of 11␤-HSD1 and 11␤-HSD2 expression in the labyrinthine layer of mouse placenta during late gestation, which may serve to ensure the precise fetal exposure to maternal glucocorticoid and consequent normal fetal organ growth and maturation. Moreover, the cell-specific colocalization of GR with 11␤-HSD1 and 11␤-HSD2 in the murine placenta and uterus suggests that these enzymes may be important determinants of local glucocorticoid actions.
